A B S T R A C T Systemic and coronary hemodynamic parameters were determined during an arrhythmia and immediately after a direct current transthoracic shock given in an attempt to convert the arrhythmia to a sinus mechanism. No anesthesia or drugs were administered between the two studies. 16 patients with atrial fibrillation converted to sinus rhythm and five did not. In two patients with atrial flutter and one with supraventricular tachycardia, the arrhythmia was corrected. The arrhythmia persisted in a single patient with ventricular tachycardia. Utilizing each patient as his own control, we compared statistically various hemodynamic parameters before and after the shock. In addition, the group of patients whose atrial fibrillation terminated was compared to the group treated in the same manner but in which the atrial fibrillation persisted. Pressures in the right side of the heart decreased in both groups so that the changes appeared to be caused by factors associated with the transthoracic direct current shock or the catheterization procedure. The differences between those with atrial fibrillation who converted to sinus rhythm as compared to those who did not were a decrease in heart rate, an increase in stroke volume, and an increase in cardiac efficiency. There was no immediate effect on the cardiac output or coronary blood flow.
INTRODUCTION
The effects of arrhythmias on the coronary circulation and myocardial metabolism have not been adequately studied in human subjects. The systemic hemodynamic effects of arrhythmias have been investigated but the observed changes have not been uniform . The cardiac output has been reported to vary from no significant change to more than doubling after conversion of atrial fibrillation to sinus rhythm (16, 9) . The pressure responses as well as other indices also have varied, both in direction and degree of change (6, 8, 15) .
The various methods used to evaluate these circulatory changes have been criticized (14) (15) (16) . The most frequent criticisms concern the time interval between the studies performed during the arrhythmia and after its conversion, and the administration of hemodynamically active drugs, such as quinidine or general anesthesia between the two studies. Another unknown is the effect of a transthoracic direct current shock when this method is used for conversion.
The present study was performed to evaluate the effect of arrhythmias on the coronary circulation, myocardial metabolism, and cardiac efficiency. Additional information was also obtained regarding systemic hemodynamic effects of the arrhythmias and of the transthoracic direct current shock used for rhythm conversion. The protocol was devised to eliminate or control the variables mentioned above. FIGURE given subcutaneously in a dose of approximately 1 mg/kg of body weight. When the narcotic effect of meperidine was clearly present, the first studies of cardiac output and coronary blood flow were made. Conversion of the arrhythmia was then attempted using an Electrodyne model E-100 M defibrillator (Electrodyne Co., Inc., Norwood, Mass.). No general or barbituate anesthesia was employed, nor were any drugs administered between the studies. A single direct current shock of 200 w-sec was delivered through anterior and posterior paddles, respectively, 3-and 5 inches in diameter. In two patients, a second direct current shock of 250 w-sec was applied when the initial shock was unsuccessful. In one patient, 15 , this second shock was successful and in the other patient, 19, it was unsuccessful in converting atrial fibrillation to a sinus rhythm. 20-25 min after the shock, the cardiac output and coronary blood flow was determined and pressures recorded again as in the control study. Data from before and after the shock was analyzed statistically by the t test only in the patients with atrial fibrillation. Data from patients with other arrhythmias is presented for reader interest and is not used in statistical analysis. Initially, comparisons were made with each subject as his own control. They also were divided into two groups and the data of those subjects whose atrial fibrillation converted was compared with the group in which it persisted. Thus, not only could the effects of changing rhythm be evaluated but also those of the electric shock.
RESULTS
16 of 21 patients with atrial fibrillation were converted to sinus rhythm. There was a trend for patients whose atrial fibrillation persisted to have a higher cardiac output, lower pulmonary artery pressure, and a slower ventricular rate at rest before the attempted conversion than the patients who converted, but the differences were not statistically significant. However, the sensitivity of the statistical comparison of the two groups was decreased by the small number of subjects whose atrial fibrillation persisted. Two subjects with atrial flutter and one with an unidentified supraventricular tachycardia were converted to a sinus rhythm. In one patient, ventricular tachycardia persisted after a single shock. Two patients with hinged-flap mitral prosthetic valves were among those converted to sinus rhythm. The changes in the cardiac output after conversion of atrial fibrillation to normal sinus rhythm ranged from a + 62 to -24% with a mean increase of 1 % (P < 0.2). There was an increase of 8% (P < 0.3) in the cardiac output of patients whose atrial fibrillation persisted. The cardiac output of two patients with atrial flutter was at the upper limits of normal and decreased, but remained within normal limits after the conversion to sinus rhythm. The mean oxygen consumption and carbon dioxide production were normal for this laboratory with no significant difference between the two groups. There was an average decrease in the heart rate of 22% (P < 0.01) after conversion of the atrial fibrillation. Associated with this was an increase in stroke volume of 40%o (P < 0.001). Similar changes
were not observed in those whose atrial fibrillation persisted.
There was a decrease in the pulmonary artery pressures of 9 (P < 0.01) and 15% (P < 0.05)
in the coronary sinus pressure after conversion of atrial fibrillation to sinus rhythm. There was a similar decrease of 10% in the pulmonary artery pressure (P < 0.05) and of 10% in the coronary sinus pressure (P < 0.05) after similar direct current shocks in the group whose rhythm did not change. There was a decrease in the calculated peripheral and pulmonary resistances of 12 (P < 0.05) and 17% (P < 0.01), respectively, after conversion of atrial fibrillation to sinus rhythm with direct current precordial shocks. Percentage-wise, there was also a similar decrease in the peripheral resistance (10%, P < 0.3) and in the pulmonary resistance (15%o, P < 0.1) of patients with persistent atrial fibrillation after the shock. There was no significant change in the right or left ventricular work indices in either group of subjects.
The degree of mitral insufficiency was evaluated before and after the conversion of atrial fibrillation to sinus rhythm in five subjects (Nos. 10, 12, 13, 14, and J.B.). This evaluation was made by injecting indocyamine green into the left ventricle and by sampling simultaneously from the left atrium and femoral artery (24) (25) (26) . In subject J.B.,1 there was no mitral insufficiency detected during atrial fibrillation (Fig. 2) . In patients 10 and 14 there was slight to moderate mitral insufficiency during atrial fibrillation, which was less after conversion. Two other patients, 12 and 13, with moderately severe and slight mitral insufficiency, re- Table I , data not used in statistical analysis.
Before D C Shock Atriol Fibrillation spectively, had no apparent change after the conversion from atrial fibrillation to sinus rhythm. Representative dye curves of patient 10 and 12 are presented in Figs. 3 and 4 .
The changes in the coronary hemodynamics are presented in Table III . Changes in the coronary blood-flow ranged from -31 to + 24% after conversion of atrial fibrillation to sinus rhythm with nearly an identical range in the group that was shocked but did not convert. There was no significant change in the mean coronary blood flow in either group. The variation in coronary blood flow did not correlate with changes in the cardiac rate. There was a slight decrease in the arterial oxygen content and of the coronary sinus carbon dioxide content in all patients shocked. The changes in the coronary sinus oxygen content, myocardial oxygen utilization, and carbon dioxide production were not of statistical significance. There was an increase of 28% (P < 0.02) in the index of efficiency after conversion of atrial fibrillation to sinus rhythm. There was no change in this -index of efficiency after direct current shock if atrial fibrillation persisted.
In the two patients with atrial flutter and the the increase in cardiac output after the conversion of atrial fibrillation may not be a result of the return of sinus rhythm but of other factors associated with the shock. The increase in the cardiac output in both groups and the observations by Rodman, Pastor, and Figueroa would indicate that the precordial shock or other factors in this study were not depressing the myocardial function and thus suppressing any hemodynamic changes that otherwise may be evident (22) .
Studies in which cardiac outputs are determined hours or days after the conversion of atrial fibrillation to sinus rhythm suggests that there is an increase in the cardiac output after conversion, but it does not always appear to be immediate (15) (16) (17) (18) (19) (20) (21) (22) . Rodman et al. performed serial determinations of the cardiac output after the electrical conversion of atrial fibrillations and found that the hemodynamic improvements were often delayed for hours or even days (22) . The exact mechanism of this delayed benefit is not known, but in this study the most significant change which followed conversion of atrial fibrillation to sinus rhythm was the immediate increase in the left ventricular index of efficiency. It is conceivable that this improvement in myocardial function is cumulative and involvtes the entire myocardium, both atrial and ventricular, and results in a progressively better mechanical systole. This temporal relationship of hemodynamic improvements after conversion of atrial fibrillation may account for some of the observed changes and at least in part explain some of the controversies arising from other studies on the hemodvnamic effects of arrhythmias.
The failure for the cardiac output to increase immediately after the conversion of atrial fibrillation to sinus rhythm with precordial shocks has been noted by other investigators (16, 22) . This is not unexpected since such factors as peripheral vascular resistance, the metabolic needs, myocardial function, and valvular lesions are the usual determining factors of the cardiac output and not the cardiac rhythm per se, so long as the heart rate remains within the physiological range. However, one factor that must be considered in the relationship of the conversion of atrial fibrillation to changes in the cardiac output is the contribution that atrial contraction gives to diastolic filling.
In this study, an attempt was made to correlate the height and contour of the left atrial "A" waves after conversion of atrial fibrillation with the changes in the cardiac output and in the left ventricular end-diastolic pressure. There was no consistent change in the left ventricular end-diastolic pressure, and no correlation was noted between the character of the "A" wave and the cardiac output or left ventricular end-diastolic pressure. In general, the "A" waves were diminutive after conversion. Similar results have been reported by others (43) .
The loss of left atrial contraction and its contribution to ventricular diastolic filling that occurs with the onset of atrial fibrillation has been reported to result in the elevation of the mean left atrial pressure and a decrease in the left ventricular end-diastolic pressure (44) . Both the left atrial mean pressure and the mitral diastolic gradient decreased in four of five subjects after conversion of atrial fibrillation to a sinus rhythm. The one subject, 13, who increased his left atrial pressure, had a near normal pressure. Furthermore, the absolute change was small after conversion and was accompanied by an increase in oxygen consumption and cardiac output.
Experimental work suggests that the left atrial pressure changes noted in this study are caused by the correction of the arrhythmia (44), but it must be pointed out that in the single patient in this study with mitral valve disease and atrial fibrillation who did not convert, the changes in left atrial pressure were similar to most of the patients who were converted.
Experimental studies indicate that normal atrial contractions are required for effective closure of the atrio-ventricular valves (45, 46) . In this study, no evidence of significant mitral insufficiency was found in many subjects with atrial fibrillation when evaluated by left ventricular angiography or by indicator dilution curves as shown in Fig. 2 . Although there are many sources of error in the quantitation of mitral insufficiency by indicator dilution curves, evaluation by this method suggests that conversion of atrial fibrillation to sinus rhythm decreases the degree of mitral insufficiency in some but not all patients (Fig. 3) (43, 47, 48) .
The decrease in the pulmonary artery and coronary sinus pressures did not appear to be related to conversion of the atrial fibrillation, since comparison between the two groups did not indicate any difference (P > 0.9). The changes in calculated ventricular work and vascular resistances also were similar in the two groups (P > 0.6). Thus, in the present study, performed at rest and in the supine position, the changes in the cardiac output, arteriovenous oxygen difference, and pressures on the right side of the heart were not specifically related to the changes in cardiac rhythm. There were wide variations in the individual changes in the cardiac output after conversion of the arrhythmia which did not appear to be related specifically to the changes in the heart rate as was found by Graettinger, Carleton, and Muenster (16) , although the increase in the stroke volume in the patients who converted is the result of decreasing the heart rate without a significant change in cardiac output. The changes in the cardiac output also did not appear to be related to the severity or type of the underlying heart disease as was found by Killip and Baer, but their studies were performed 1 day after conversion and, as pointed out previously, this is at a time when the hemodynamic changes are more marked (21, 22) .
No consistent change in the coronary blood flow was noted after transthoracic direct current shock regardless of whether the arrhythmia was or was not converted. Furthermore, the individual variation in flow did not appear to be related to changes in the cardiac rate. However, the changes in rate were less in the present study than in those studies which demonstrate a clear relation between coronary flow and heart rate (49, 50) . The failure to find any significant change in the coronary blood flow after conversion of atrial fibrillation to sinus rhythm is compatible with the results of Wegria who demonstrated in the open-chest dog that electrically induced atrial or ventricular tachycardias usually produced no change or a slight increase in the coronary blood flow (51, 52) . Corday, Gold, DeVera, Williams, and Fields, however, believed that a decrease in the systemic blood pressure associated with tachycardias resulted in a decrease in coronary blood flow (53) .
Although there was no change in the coronary blood flow in either group, there was an improvement in the left ventricular function of patients who -converted from atrial fibrillation to sinus rhythm, which was not noted when the arrhythmia persisted. This improvement is demonstrated by the index of myocardial efficiency (Table III) , which relates the amount of external work performed by the left ventricle to its oxygen consumption. This left ventricular efficiency index is particularly useful in evaluating the effects of atrial fibrillation, because it is influenced by the number of myocardial contractions that are ineffectual in propelling blood to the periphery and also by the amount of mitral insufficiency. Both of these factors may be associated with atrial fibrillation and should make the heart a less efficient pump. Another factor in determining myocardial efficiency is the heart rate and stroke volume. An increase in stroke volume occurred in this study with the conversion of atrial fibrillation. The ventricular end-diastolic pressures suggest that there was no increase in the ventricular end-diastolic volumes after conversions (54) . If this is true,' then in accordance with the law of Laplace, the myocardial wall tensions during the additional stroke output would be significantly less and so the myocardial energy requirements and oxygen consumption would be reduced (55, 56) . Therefore, since the cardiac output is unchanged and the heart rate decreased, the index of myocardial efficiency would improve. In this study, the elimination of the ineffectual ventricular contractions, the possible decrease in mitral insufficiency, and the decreased heart rate and increased stroke volume that occurred after conversion of atrial fibrillation all lead to an increase in the myocardial efficiency. What effect the return to sinus rhythm per se has on the myocardial efficiency cannot be evaluated by this study. This influence of atrial fibrillation on the efficiency of the left ventricle may well be a factor in the association of angina pectoris with the onset of atrial fibrillation and for the improvement in the anginal syndrome or relief of congestive heart failure that follows the conversion of atrial fibrillation to sinus rhythm (12, 57, 58) . It should be reemphasized that, in the present study, immediately after electrical conversion of atrial fibrillation, hemodynamic changes occurred which were statistically significant when each subject served as his own control. However, when the changes were compared between the group of patients who converted from atrial fibrillation and those who did not, there was little difference. The notable differences between the two groups were a decrease in heart rate, an increase in stroke volume, and an increase in the left ventricular index of efficiency in those patients who reverted to sinus rhythm. The conversion of atrial fibrillation to sinus rhythm by a precordial shock had no immediate effect on the cardiac output or coronary blood flow.
